Abstract-High-resolution imaging with X-rays and gamma rays can be achieved through scintillation crystals that are optically coupled to Charge Coupled Devices (CCDs). The energy and the interaction position of individual gamma quanta can be estimated by real time image analysis of scintillation light flashes ("photon-counting mode"), provided that the images of the CCD can be read out fast enough. The back-illuminated ElectronMultiplying CCD (BI-EMCCD) is well-suited for fast read-out, since even at high frame rates it has extremely low read-out noise thanks to an internal gain mechanism. BI-EMCCDs can achieve a quantum efficiency of over 90% for the detection of photons in the range of 500 to 650 nm. Here we investigate a gamma camera based on a back-illuminated EMCCD, coupled to a 1.2-millimeter-thick continuous CdWO 4 crystal by means of a fiberoptic window. In order to improve the performance of our gamma camera, we have optimized the optical coating of the scintillation crystal. We observe enhancement of the optical output of the crystal by application of reflective optical coatings (i.e. retro-reflective and mirror-reflective) when compared to absorptive coating or no coating on top of the crystal (the side of the crystal that is not read out by the EMCCD). The retroreflective coating has been designed and micro-machined inhouse for this purpose specifically. Applying our set-up to Tc99m imaging, we found that use of this retro-reflector improves the intrinsic spatial resolution (Full Width at Half Maximum) by about 17 %, allowing us to obtain a resolution of 86 μm, compared to 104 μm when using a non-coated crystal. Therefore, the micro-machined retro-reflector is the optimal coating for our application. We conclude that the use of our enhanced CCDbased gamma cameras offers great potential for applications such as in vivo imaging of gamma emitters.
I. INTRODUCTION OR the improvement of future Single Photon Emission
Computed Tomography devices, a high intrinsic detector resolution combined with energy discrimination capabilities is essential [1] , [2] .
It has been shown that very high spatial resolution (below one hundred microns) can be obtained by using a detector consisting of micro-columnar scintillation crystals of CsI(Tl) read out by a CCD operating at high frame rates (e.g. [3] - [5] ). However, due to the low stopping power of CsI(Tl) and the limitations on the thickness of available micro-columnar crystals, use of these crystals in small-animal imaging is undesirable. Compared to CsI(Tl) CdWO 4 has a stopping power that is at least a factor of two higher, in particular for 141 keV gamma photons of Tc-99m, a prominent radiolabel for SPECT. Because of its high stopping power, versatility and availability, our CCD-based gamma camera has therefore been refitted with a continuous CdWO 4 crystal (Fig. 1) . One significant drawback of CdWO 4 is its low light yield. Micro-machined retro-reflector for improving light yield in ultra-high resolution gamma cameras F To subsequently improve the performance of our gamma camera, we have optimized the optical coating of the continuous scintillation crystal; the crystal has been coated with non-reflective (absorptive) and reflective coatings, as well as a retro-reflective coating. The purpose of the absorptive coating would be to reduce the influence of stray light, whereas the reflective coatings would lead to an increase of the light output of the scintillator. Examples of optimization of the optical coating of scintillation crystals for gamma cameras for PET based on photo-multiplier tubes (PMTs) and avalanche photodiodes (APDs) are given in [6] , [7] .
The goal of the present paper is to investigate improvements in signal-to-noise ratio (SNR) and spatial resolution that can be achieved by optimizing the optical coating of the scintillation crystal. To this end, we present an experimental comparison of the SNR and the spatial resolution using different coatings, as well as ray-tracing simulations of the (optical) photon trajectories generated in a scintillation event that allowed us to determine the efficiency of our optical couplings.
II. MATERIALS AND METHODS

A. EMCCD, read-out electronics and photon-counting algorithm
The scintillation gamma camera that is used in this research consists of a continuous scintillation crystal that is read-out by an EMCCD (Fig. 1b) . A comprehensive description of this gamma camera is provided elsewhere [3] , [4] . Gamma photons are captured in the scintillation crystal; the light flashes that are generated are detected by a back-illuminated EMCCD, which is operated in photon-counting mode. The EMCCD that is used in these experiments is a CCD97 of E2V technologies. The quantum efficiency of the CCD97 exceeds 90% for the range of visible light from 500 to 650 nm. It has an active area of 512 lines of 512 pixels that are 16 × 16 μm 2 in size. To reduce the dark current to a level below 0.1 e -/pixel/s the EMCCD is cooled via Peltier element backed by a liquid cooler to a temperature of -50 ºC.
Read-out of the EMCCD is performed by an electronics board that has been developed in-house, that transfers the signal to a digital signal processor (DSP), type TMS320C6414 from Texas Instruments. In order to improve the read-out frequency of our camera the lines are read out in pairs of two, which allows us to operate the camera at a rate of 50 frames per second. The camera is operated in photon-counting mode: each individual frame is analyzed for the presence of scintillations after background correction and smoothing by a Gaussian kernel. Scintillation flashes can be distinguished by setting a threshold for the peak amplitudes of the maxima in the smoothed image; this allows us to select only those maxima that correspond to a certain number of (optical) photons, thus enabling energy discrimination capabilities. The intensity of a scintillation is taken to be the peak height of the scintillation signal such as it is determined by the photoncounting algorithm. The results are presented in list-mode form, containing the spatial coordinates and the intensity of each individually detected scintillation event. In previous experiments, using a micro-columnar CsI(Tl) scintillation crystal, this camera has thus been able to achieve spatial resolution below 60 microns [3] , [4] .
B. Scintillation crystals
In order to improve the gamma photon capture efficiency of our gamma camera, the 1-mm-thick CsI(Tl) crystal, which has a low stopping power of ~30% for Tc-99m, has been replaced with a 1.2-mm-thick CdWO 4 crystal, which has more than twice the stopping power for the 141 keV Tc-99m gamma photons (i.e. 65 %). However, CsI(Tl) can be acquired in the form of micro-columnar crystals that prevent the spread of light from scintillation events [8] . This leads to improvements with regard to spatial and energy resolution. Furthermore, the light yield of CdWO 4 is only ~25% of the light yield of CsI(Tl): 12-15 compared to ~54 photons/keV gamma energy.
In order to reduce the effects of the lower light yield and of not using a micro-columnar crystal, it is absolutely necessary to optimize the optical output of the scintillation crystal. To this end, different types of optical coating have been applied in our set-up on top of the scintillation crystal.
C. Optical coatings
The side of the crystal that is not read out by the CCD is covered by a variety of coatings with different optical properties, i.e. absorptive, specularly (i.e. mirror-like) reflective coatings and a retro-reflector.
Application of absorptive coating can reduce the presence of stray light within the scintillation crystal. Stray photons of which the origin is uncertain could disturb the detection and localization of scintillation events. Use of reflective coatings will almost double the amount of photons reaching the CCD surface (Fig. 2, left) . The retro-reflector will have as added advantage that the reflected photons appear to arrive from the scintillation location directly; light spread is limited (Fig. 2,  right) . As a consequence of the improved light output, the amount of light can be better estimated and centroiding of the scintillation events can be performed more accurately. Therefore, a dedicated retro-reflector for application on the crystal has been designed and micro-machined for this experiment specifically (Fig. 3) . Fig. 2 . Schematic of the functioning of the retro-reflector. In the case of the specularly reflective surface (left), photons will be reflected from the top of the scintillation crystal to the detector at the bottom. In the case of the retroreflector (right), the photons are reflected back through their point of origin (i.e. the location of the scintillation) onto the detector, thus maintaining the spatial resolution.
The absorptive coating that was applied consisted of black nail polish. The mirror-like reflective coating was 3M Enhanced Specular Reflector (ESR) film, available under the name Vikuiti [9] . The retro-reflective coating was designed and micro-machined in-house for this experiment specifically. It consists of a highly reflective aluminum film in which retroreflective square pyramidal cavities are shaped, spaced 100 μm apart (Fig. 3) . The aluminum film has a reflectivity of over 90% for the range of wavelengths of CdWO 4 scintillation emission (380-750 nm.). The reflective pyramidal cavities will ensure that a large fraction of the incident photons is reflected in the direction of their origin. The absorptive coating has been applied to the crystal directly; the reflective and retroreflective films have been applied using optical grease. Fig. 3 . Micro-machined retro-reflector, designed for this experiment specifically. The dimension of the retro-cubes is 100 μm by 100 μm.
D. Measurements
In this work we investigate the spatial resolution and SNR of the 1.2-mm-thick CdWO 4 crystal read out by a CCD for Tc-99m imaging. Our experimental setup is shown in Fig. 1b , consisting of the 1.2-mm-thick continuous CdWO 4 crystal, proximity coupled to the CCD via fiber-optic taper using optical grease.
To facilitate measurements of the spatial and energy resolution the crystal is irradiated by a Tc-99m source through a 30-μm-wide slit between two tungsten plates. The spatial resolution is determined from the full width at half maximum (FWHM) of the projection of the slit, corrected for the width of the slit itself. The SNR is defined as the number of counts within the area irradiated by the slit divided by the number of false positives in an equally sized area of the CCD that is not irradiated.
To investigate what optical coating would deliver the best result, we applied the gamma camera, fitted with different kinds of coatings, to Tc-99m imaging; each of the measurements described consists of a total number of 50.000 frames. Fig. 4 shows the profiles of the images of the slit, from which the FWHM resolution values are determined, for the retro-reflector and the case where no coating was applied. Table I shows the values of the spatial resolution of the different reflective coatings, calculated from their respective profiles, and the SNR (see below). Table I shows a significant improvement of the spatial resolution when using the retroreflector. Use of the specularly reflective and the absorptive coating does not seem to improve the spatial resolution. Fig. 4 . Profiles of the images of the slit for the retro-reflective coating and no coating. The profiles have been normalized to have the same peak height. The retro-reflector provides the sharpest profile, as well as the best SNR. Table I also shows the SNR ratio for the different types of coatings, calculated from their respective images. Table I shows an improvement of SNR for all surfaces that were tested. The retro-reflective coating leads to the best improvement of SNR, and the specularly (mirror-like) reflector also shows a significant improvement. The absorptive coating does not seem to improve SNR much. Furthermore, the improvement of the SNR of the specularly (mirror-like) reflecting coating is at a slight cost of spatial resolution.
III. RESULTS
A. Spatial resolution
TABLE I SPATIAL RESOLUTION AND SNR FOR DIFFERENT COATINGS
B. Signal-to-Noise Ratio
IV. RAY-TRACING SIMULATIONS
Since the results of the experiments with the (retro-) reflectors did not quite meet expectations, we decided to calculate the actual effect of their application on the number of photons that was detected per scintillation event, as well as their spread. A script was written in Matlab that could follow the path of the optical photons ('ray-tracing') originating from a scintillation event.
In our simulations we could vary the thickness of the crystal, the location of the scintillation (x-and y-coordinate as well as the depth of interaction), the number of photons that was emitted per scintillation, as well as the geometrical properties of the retro-reflector that was to be applied on top of the scintillation crystal. The index of refraction of the scintillation crystal and the coupling material could also be varied. The reflectors that were simulated were i) mirror-like, ii) a retro-reflector with square pyramids, iii) a retro-reflector consisting of regular tetrahedra (i.e. parts of regular cubes); the (geometric and material) properties of the crystal were consistent with our laboratory set-up. The square pyramid and tetrahedral retro-reflector are shown in Fig. 5 . Fig. 5 . The different retro-reflective structures that were simulated, the 100 μm square pyramids (left) and the 75 μm tetrahedral retro-cubes (right). The retro-reflector on the right is identical to the one used in experiments.
For all cases scintillation events were simulated throughout the crystal and for each scintillation event a certain number of optical photons was generated with random directions (with an isotropic distribution). This number of photons was consistent with the number of photons generated in an actual scintillation event for Tc-99m in CdWO 4 .
For each optical photon we calculated the number of reflections and their locations and the eventual location of the detection from its initial trajectory. Each reflection of a photon was calculated as an ideal reflection in a single plane with the retro-reflectors defined as a collection of pyramids (of 3 or 4 planes) covering the entire surface of the scintillation crystal. Photons whose trajectories lead them outside the crystal area without being reflected or detected (i.e. out the sides of the crystal) were considered lost, as were photons that were incident on the detector under an angle larger than the Brewster angle.
From the individual photon traces we could determine the number of photons that were detected and their spread around the center-of-gravity of the directly detected scintillation photons (i.e. the x-and y-coordinates of the scintillation event). The 'gain' of each reflector was defined as the relative number of reflected photons vs. direct photons. Only reflected photons that could be detected within the spread of the direct photons were included. This spread, the original size of the scintillation flash on the detector, is determined by the distance from the scintillation event to the detector surface and the Brewster angle. Fig. 6 . Comparison of the photon spread for no coating (black, solid), a specular reflector (gray, dash-dot), and retro-reflectors with square pyramids of 100 μm (dark gray, dashed) and retro-cubes of 75 μm (gray, solid). Fig. 6 shows the photon spread of the case of no coating (directly detected photons), and for a specular reflector, a retro-reflector with 100-μm-side square pyramids and a retroreflector with 75-μm-baseline tetrahedra (the total signal of reflected and direct photons is shown). One can clearly see the cut-off at the Brewster angle for the directly detected photons, as no direct photons are detected with a variance larger than ~400 μm. The relative gains that follow from these simulations are shown in Table II . These results follow from ~5000 simulated scintillations. From these simulations we can observe that the tetrahedral retro-reflector (the retro-cubes) has an efficiency that is twothirds higher than the retro-reflector constructed of square pyramids. In accordance with the results of these simulations we have decided to acquire and apply a newly designed cubic retro-reflector. This cubic reflector will consist of a hardened polymeric sheet, on which a film of aluminum will be vapor deposited. We expect that application of this new retroreflector will lead to a further improvement of the light output of our scintillator and a subsequent improvement of the spatial and energy resolution of our EMCCD-based gamma camera.
V. DISCUSSION
As has been shown in this paper, the application of reflective materials on top of the scintillation crystal can improve the light output towards the EMCCD. This can be seen by an increase in the SNR of the gamma camera. Furthermore, the use of a retro-reflector additionally leads to an improvement of the spatial resolution. Even though the initial results might not seem to indicate a large improvement, simulations show that further improvements can be expected with the application of cubic retro-reflectors. Results of these measurements can be expected soon.
Scintillation gamma cameras based on EMCCDs are very promising, in particular for biomedical applications such as small-animal SPECT devices.
